Abstract-Randomness from the power load demand and renewable generations causes frequency oscillations among interconnected power systems. Due to the requirement of synchronism of the whole grid, load frequency control (LFC) has become one of the essential challenges for power system stability and security. In this paper, by modeling the disturbances and parameter uncertainties into the LFC model, we propose an adaptive supplementary control scheme for the power system frequency regulation. An improved sliding mode control (SMC) is employed as the basic controller, where a new sliding mode variable is specifically proposed for the LFC problem. The adaptive dynamic programming strategy is used to provide the supplementary control signal, which is beneficial to the frequency regulation by adapting to the real-time disturbances and uncertainties. The stability analysis is also provided to guarantee the reliability of the proposed control strategy. For comparison, a particle swarm optimization-based SMC scheme is developed as the optimal parameter controller for the frequency regulation problem. Simulation studies are performed on single-area and multiarea benchmark systems, and comparative results illustrate the favorable performance of the proposed adaptive approach for the frequency regulation under load disturbances and parameter uncertainties.
I. INTRODUCTION
T HE current power system is evolving toward smart grid with the benefits from distributed generation. With this updating, the system models become indistinct due to various electric components, unknown modeling errors, and parameter uncertainties. System transient stability is easy to suffer from these random factors. Therefore, the frequency regulation of power system has become one of the main challenges to develop smart grids [1] - [3] , and has attracted great attention from both research communities and power industries in recent years [4] - [6] .
A large-scale power system is consisted of multiple areas, and each area is connected with its neighboring areas through tielines. When the power system encounters rapid load changes and parameter uncertainties, the system frequency may become heavily oscillated. The frequency control aims to maintain the whole system frequency stability. Several control methods have been used in this topic [3] , [5] , [7] - [9] , such as proportional-integral (PI) control, internal model control, fuzzy logic control, intelligent control, etc. Sliding mode control (SMC) is one of the powerful control methods, which is thus developed to stabilize the power system [10] - [12] . This control strategy is generally used with an embedded PI mechanism, such that the power system can be stabilized within a wide range around the operating point [13] - [15] . Compared with linear control strategies, this SMC method has enhanced the control performance. However, it is still expected to have better performance when randomness and uncertainty happen in smart grid. In some related work, this problem was investigated by introducing adaptive methodologies [16] , [17] .
The adaptive dynamic programming (ADP) approach was first proposed for approximately solving the optimal control of nonlinear systems, which has been mainly developed into two schemes: iterative ADP and heuristic ADP [18] , [19] . Recently, iterative ADP has been vigorously promoted from the model-based structure to the data-driven structure [20] , [21] , and it has been novelly developed for data-based robust optimal control [22] . Heuristic ADP is built on the model-free framework with the neural network implementation, and its stability analysis has been developed in recent years [23] - [25] . As a new learning-based technique, the heuristic ADP can online output the control signal based on measurable system data, without a required accurate system model. Simultaneously, it is also adaptive for current system disturbances [23] , [24] , [26] , [27] . This method has been already reported in a number of industrial applications, such as robotics, aircrafts, chemical processes, and smart grids [28] - [30] . It is highly meaningful to apply this adaptive technology for the load frequency control (LFC) problem. Some related early research work has been developed, such as frequency stability of islanded smart grid with PI and goal-representation ADP approach [6] , energy storage-based low-frequency oscillation damping control [31] , and ADP-based intelligent power system oscillations damping by using virtual generators [32] .
Considering load disturbances and parameter uncertainties in the power system, the adaptive control method is very necessary and significant. For example, Wang et al. proposed a new intelligent critic control strategy in [17] and investigated its application on the microgrid system. Inspired by previous discussion, the heuristic ADP technique is introduced in this paper to present a supplementary control strategy for the LFC. The sliding mode controller is employed to guarantee the basic performance. The ADP-based supplementary controller is used to online fine tune for better adapting to real-time disturbances and uncertainties. The main contributions of this paper are stated as follows. First, a new sliding mode variable is designed in this paper for the multiarea power system LFC. Since two states are not guaranteed to arrive zero by using the traditional sliding mode variable, this paper introduces the improved SMC with a proposed sliding mode variable which can push all states to zero by specifically considering the integral effect. The rigorous theoretic proof for this new design is also provided. Second, the ADP-based supplementary controller is developed for improving the adaptive ability of frequency controllers. The heuristic ADP algorithm is adopted with two networks (i.e., the action network and the critic network), which can adaptively provide supplementary control signals by online weight updating against load changes and system parameter uncertainties. Third, based on the improved SMC strategy, particle swarm optimization (PSO) is employed to provide optimal control parameters by minimizing the sum of all the absolute frequency deviations, which is treated as the comparative method in this paper.
The rest of this paper is organized as follows. Section II states the problem background and models the LFC model of power system with parameter uncertainties. Section III presents the detailed design process of the SMC scheme, the PSO-based control scheme and the ADP-based control scheme. In Section IV, simulation results are shown and analyzed by comparing the three control approaches on single-area and multiarea benchmark systems. Section V concludes this paper.
II. LFC MODEL WITH PARAMETER UNCERTAINTIES
In the power system, distributed sensors measure system variables, and then transmit them through communication channel. System information is processed in the control and management center to generate the corresponding control signal for operating the frequency control participation units. All n interconnected areas constitute the multiarea power system, where the structure sketch of the ith area in a multiarea power system is shown in Fig. 1, where i = 1, . . . , n, l = 1, . . . , n and i = l.
We formulate the LFC model similar to the literature [14] . The dynamics of the equivalent governor, the turbine, and the area load are represented as G gi (s) = 1/(sT gi + 1), G ti (s) = 1/(sT ti + 1) and G pi (s) = k pi /(sT pi + 1), respectively. T ti , T gi , and T pi are the time constants of the turbine, the governor, and the area load, respectively, and k pi is the gain of the area load. The tie-line power deviation for area i is represented as ΔP tie,i (t). For a multiarea power system, the frequency controller needs to coordinate the frequency of all the interconnected areas, and the objective is realized by regulating the tie-line power deviation and the area frequency deviation to zero. For area i, the area control error (ACE) is defined as
Considering the PI mechanism in the LFC model, the integral of
The frequency dynamic behavior of area i is described by the following differential equation:
where
Each area power system integrated the PI mechanism is modeled by (3)- (8) . The state vector is recorded as
, and m is the number of the states for the studied power system. Therefore, the above differential equations can be compacted into a matrix format aṡ (9) with disturbances and uncertainties is expressed aṡ
is considered as the lumped uncertainties of system (10) . Furthermore, assume that the lumped uncertainties are matched and bounded, i.e.,
where ϑ 1 and ϑ 2 are known constants to bound the uncertainties, · expresses the absolute value for a scale variable, the norm for a vector, and the induced-norm for a matrix.
For the described power system in (10), LFC is expected to stabilize the system under the conditions of load changes and parameter uncertainties. In the following sections, the designs of improved SMC, PSO-based control, and ADP-based control are developed to address this issue.
III. LFC DESIGN

A. Improved SMC Design
SMC is well known as a systematic nonlinear control method. With this control, all the system states are first driven to the prescribed sliding mode surface, and then move to the origin along this surface. It is obvious that the prescribed sliding mode surface is important, which can be obtained by setting a designed sliding mode variable to zero. In this sense, selecting a proper sliding mode variable is crucial for this control [33] , [34] .
Traditionally, the sliding mode variable can be designed as the linear polynomial of all states, i.e.,
T is the state vector. However, in the model of the LFC problem, it should be noted that ΔP ei (t) is the integral of ACE i (t), and Δδ i (t) is the integral of Δf i (t). It means that the two states are not guaranteed to arrive zero although the frequency deviations have been regulated to zero. Therefore, with the traditional sliding mode variable, ΔP ei (t) and Δδ i (t) are not guaranteed to zero when Δf i (t) = 0. It indicates that s i (t) = 0 can not be taken as a sliding mode surface as it does not pass through the origin, such that Δf i (t) = 0 is not finally realized. That is to say, if the traditional sliding mode variable is used, the frequency f i (t) would deviate from the predefined value after the load frequency regulation.
Based on this analysis, a new sliding mode variable and the corresponding controller are developed in this paper by specifically considering the integral effect. The improved SMC design is clarified as follows. (12) is first taken as the auxiliary variable for system (10) . It is obvious that s i (t) is possible to be nonzero when Δf i (t) = 0, since ΔP ei (t) and Δδ i (t) are integrals over time. We then define vectors ϕ(t), y(t), and σ as follows:
where y(t) =φ(t).
The new developed sliding mode variable is
and the derivative ofs i (t) is calculated aṡ
The reaching law method is adopted in this paper to derive the corresponding control law from the designed sliding mode variable. The used reaching law isṡ
where the term −k isi (t) can accelerate the transient process compared with the primary formulationṡ i (t) = −η i sat(s i ) [33] - [35] . sat(s i ) is the abbreviation of sat(s i (t)), expressing the saturation function with a width φ. It is used to reduce chatting and provide the continuous control signal, which is expressed as
With the reaching lawṡ i (t) = −k isi (t) − η i sat(s i ), the sliding mode controller based on the new variables i (t) can be formulated as
} is used to suppress the lumped uncertainties.
For the improved sliding mode controller in (17), we have the following probative statement for the LFC of system (10), where the Lyapunov approach is used for the stability analysis.
The Lyapunov function is selected as V i (t) = 1 2s 2 i , and we can have its derivative aṡ
We apply the expressions (13)- (15), and then can obtain thaṫ
By using (16) , (19) can be further derived aṡ
Therefore, we have V i (t) ≥ 0 andV i (t) ≤ 0 for the controlled system. According to the Lyapunov stability theorem, the improved sliding mode controller in (17) can stabilize system (10), and Δf i (t) arrives to zero along the designed sliding mode surfaces i (t) = 0.
B. PSO-Based SMC Design
The tunable parameters in the designed sliding mode controller are k i , η i and {ρ ij } j =1,··· ,m for single-area and multiarea power systems, where the selected parameters are searched by using the PSO algorithm in given parameter spaces. The schematic diagram of the PSO-based control approach is illustrated in Fig. 2 .
The fitness function in the PSO algorithm is critical for the searching performance [36] , [37] . In this paper, a quantitative performance index based on the sum of all the absolute frequency deviations is adopted as the fitness function, which is
where n is the number of the areas, and t 1 is the total simulation time. Smaller fitness value indicates less frequency deviation of the whole system and better control performance. Since the frequency deviations in all the areas have been calculated, (21) is a system-level performance index representing the overall frequency stability and dynamic performance [6] . The number of the optimized parameters is m + 2, and the optimized parameter set is [15] , [31] , [36] . The number of the particles and the initial maximum velocity are chosen as 20 and 5% of the searching upper limit corresponding to each parameter. The particle dimensions are 6 for the single-area power system and 7 for the multiarea power system (i.e., we assume that the same parameters are used in sliding mode controllers). The system frequency deviations Δf i (t), i = 1, · · · , n are the input signals for calculating the fitness value. For the jth particle in the ith generation, the particle updates its velocity and location by using the following equations:
where z ij (t) and v ij (t) represent the location and the velocity at time t, z l expresses the local best location, and z g is the global best location. λ(t) is the learning rate from the initial value 0.9 decreasing to the final value 0.2. By minimizing the fitness function F (t) over time, the algorithm can obtain the optimal parameters.
C. ADP-Based SMC Design
Before we go to the detailed ADP-based control design, we briefly review the used ADP algorithm. The objective of the ADP algorithm is to solve the Bellman's equation, which is
where J * (t) is the minimized cost function at time t, x(t) is the input state vector, u(t) is the control action, r x(t), u(t) is the utility function, and γ is a discount factor. From (23), we can observe that the future cost J * (t + 1) is required if u(t) is solved for the current cost J * (t). Therefore, it is difficult to directly find the solution for the Bellman's equation [18] , [20] , [21] , [38] . Adaptive dynamic programming (ADP) is a class of learning-based algorithms from the family of reinforcement learning in recent years. The used ADP approach in this paper can approximately solve the Bellman's equation using the heuristic action-critic structure [23] .
This algorithm consists of two function approximation networks: the critic network and the action network. In this paper, the ADP algorithm is implemented by multilayer perception neural networks with one hidden layer. The learning principles of neural networks include the feed-forward calculation and the back propagation. The critic network learns from a reinforcement signal r i (t) to approximate the minimal cost function J * (t), which is denoted asĴ(t). The action network generates the control action u(t) by minimizing the approximated cost functionĴ(t). Specifically, during the back-propagation learning, the critic network error e c (t) is defined as
c (t), e c (t) = γĴ(t) − Ĵ (t − 1) − r(t) . (24)
The gradient descent algorithm is used to update the weights of the critic network, and the updating rules are The learning procedure of the action network is to backpropagate the action network error. The error function of the action network is formulated as
Since the action network is connected with the critic network, the backpropagation path is formulated as follows: Load changes ΔP di (t) cause frequency deviation, and system parameters are possible to be uncertain around their nominal values. The offline parameter optimization is feasible for the LFC around the operating point. However, an online adaptive control method is expected to deal with load disturbances and parameter uncertainties. In this paper, the ADP algorithm is used as a supplementary control strategy that can adapt with the measured system dynamics. The current frequency deviation Δf i (t), as well as its time-step delay variables Δf i (t − 1) and Δf i (t − 2), is used as the input of the action network. All input data are first normalized in [−1, 1] before proceeding the algorithm, which is described as
where m f is the maximal absolute value of the frequency deviation, and thus is used as the normalization coefficient. The reinforcement signal r i (t) in the ADP algorithm is set as a quadratic form [39] 
where Q is a positive definite matrix, selected as Q = diag(1, 0.5, 0.5 2 ) [6] . The reinforcement signal r i (t) evaluates the performance of the current supplementary control signal Δu i (t). Once load disturbances and parameter uncertainties happen, r i (t) will raise with the increase of frequency deviation, which will lead to update the weights of both critic and action networks, thus an updated supplementary control signal Δu i (t) is outputted to adaptively reduce the influence of load changes and parameter uncertainties. For instance, for the ith area, the action network receives x ai (t), and then provides the supplementary control signal Δu i (t) by the feed-forward calculation. The critic network receives x ai (t), Δu i (t), and the reinforcement signal r i (t) is simultaneously calculated according to (29) . The weights in the critic network is updated and then the approximate costĴ i (t) is outputted. Therefore, when disturbances and uncertainties occur, the weights of both critic and action networks are online updated for obtaining the supplementary control signal to adapt the lumped uncertainties. The supplementary control signal Δu i (t) is added to the SMC signal u i (t), which constitutes the adaptive LFC for the power system. The schematic diagram of the ADP-based control approach is illustrated in Fig. 3 .
The working procedures of the ADP-based SMC approach for the frequency regulation of area i are described as follows: s1) At time t, the ADP controller receives the area frequency deviation Δf i (t) from sensors. The supplementary control signal Δu i (t) can be obtained from the action network. s2) The approximate costĴ i (t) is estimated by the critic network, and the reinforcement signal r i (t) is received as well. s3) Retrieve the history data ofĴ i (t − 1), calculate the temporal network errors according to (24) and (26) to obtain the backpropagation signals for the critic network and the action network. s4) Update the weights in both neural networks according to (25) and (27) . The weights are carried-on to the next time step. s5) The supplementary control signal Δu i (t) is added to the SMC signal u i (t), and then is transmitted to the system for LFC. s6) When entering into the next sampling time, repeat the above steps. Remark 3.1: The proposed adaptive control scheme is a supplementary control strategy. When disturbances and uncertainties happen, the sliding mode controller outputs the main control signal and the ADP controller outputs the auxiliary control signal. Until the frequency deviation reaches zero, both two control values become zero. Before using the ADP supplementary controller, it should be trained by possible disturbances. Then, the trained ADP supplementary controller can be used for online fine tuning.
Remark 3.2:
The stability of this proposed method mainly relies on the basic sliding mode controller. Meanwhile, the ADP controller usually set the output limit, such that the ADP control signal is small which is not enough to cause the instability. Additionally, the uniformly ultimately bounded stability of the ADP algorithm has been provided and proved in [24] , [26] , and [27] .
IV. SIMULATION RESULTS AND ANALYSIS
In this section, the simulation studies are carried out to investigate the performance of the proposed control methods. In the first case, load disturbances are applied on the single-area and multiarea power systems without parameter uncertainties. In the second case, both load disturbances and parameter uncertainties are applied to the multiarea power system. Comparative results of reducing frequency deviation with SMC, the PSO-based SMC, and the ADP-based SMC are presented and analyzed.
The parameters of sliding mode controller are optimized by the PSO algorithm by applying load disturbances from −0.2 to +0.2 p.u. with the 0.05 p.u. interval. The convergence curves of the mean fitness value on 30 independent runs are presented in Fig. 4 , where 4(a) and (b) are corresponding to single-area and multiarea power systems, respectively. The optimal parameters of sliding mode controller for the single-area power system are shown in Table I , and for the multiarea power system are listed in Table II .
A. Load Disturbances Without Parameter Uncertainties
1) Single-Area Power System:
The parameters of the single-area power system are as follows: n = 1, m = 4, T g = 0.1, T t = 0.3, T p = 10, k p = 1, k e = 50, k b = 0.4, and R = 0.055. Two sequential active power disturbances are executed to the system, which are a +0.16 p.u. disturbance applied on the system at 10 s, and a −0.17 p.u. disturbance added at 50 s.
The parameters in the ADP supplementary controller are given in Table III of |Δf s (t)| − |Δf a (t)|, where it shows that the ADP-based control has smaller deviations when |Δf Fig. 5 (c) provides the weight updating of the first input node for the critic network in the ADP algorithm, which can be observed two learning and adapting operations by ADP-based control to suppress the two sequential disturbances.
The performance index in (21) is applied to better quantify the comparison. The sums of the absolute frequency deviation for the signal-area power system are provided in Table IV . It can be observed that the PSO-based control and the ADP-based control obtain similar control performance with the sums of 0.0753 and 0.0733, respectively. However, although the PSO-based control can get better performance than the SMC method, it can be observed that more oscillations occur by using the PSO-based control. It can be understood that the PSO algorithm aims to get the optimal parameters according to the performance index of the smallest sum of all absolute frequency deviations. All the optimal parameters are obtained in terms of the index, regardless of the number of oscillations. Comparatively speaking, the ADP-based control can provide better performance via the supplementary control signal and does not cause more oscillations. 
disturbance is applied for area 1 at 10 s, and a −0.12 p.u. disturbance is applied for area 2 at 100 s. Fig. 6 shows the performance comparison with SMC, PSObased control and ADP-based control. Specifically, Fig. 6(a) is the frequency response of all three areas from 0 to 80 s when area 1 is disturbed. Fig. 6(b) shows the frequency regulation from 80 to 160 s when area 2 suffers from the load disturbance. The SMC method needs a long regulation time to control the frequency deviation to zero, while the ADP-based control has greatly improved control performance by online providing supplementary control signals, which are depicted in Fig. 6(c) to show the adaptivity of the ADP controller for areas 1-3 during the whole simulation time. These results demonstrate that the ADP-based control can effectively provide the adaptive control signal to damp the system frequency deviation.
When area 1 is disturbed, Fig. 7(a) illustrates the threedimensional convergence curve of state variables Δf 1 (t), ΔP t11 (t), and ΔP g 11 (t) by using the ADP-based control, and Fig. 7(b) shows the behaviors of the corresponding sliding mode variables for the three areas. Since the disturbance occurs, it can be observed that the system states are far away from the origin and the sliding mode variables for three areas are nonzero at the beginning, then these states are gradually driven to the origin with the sliding mode variables converging to zero. Finally, all these states are stabilized at the origin and the sliding mode variables are kept as zero. The sums of the absolute frequency deviation with the three control methods are shown in Table V . In this scenario, the frequency deviation with the SMC method is not good enough. It can be seen that the PSO-based control provides the smallest absolute frequency deviation during the whole regulation, however, due to pursuing the frequency deviation as small as possible, it also introduces more oscillations as the cost. The ADP-based control can adaptively improve the frequency control performance by the effective supplementary signals.
B. With Load Disturbances and Parameter Uncertainties
In previous cases, the power system is operated with all the parameters on their nominal values without considering parameter uncertainties. In reality, parameter uncertainties always exist due to the variations of internal and external conditions. To further investigate the adaptive ability of the proposed control strategy, in this case, we study the LFC problem of multiarea power system with load changes and parameter uncertainties by using SMC, PSO-based control, and ADP-based control. The uncertain parameters in the three-area benchmark system are assumed to vary within 10% of their nominal values, which are set as T g 11 = 0.11, T t11 = 0.33, T g 21 = 0.187, T t21 = 0.44, T g 31 = 0.22, and T t31 = 0.385. The load disturbances are applied as +0.1 p.u. for area 1 at 10 s, −0.12 p.u. for area 2 at 100 s, +0.15 p.u. for area 3 at 200 s, and −0.1 p.u., +0.12 p.u., and −0.15 p.u. for areas 1-3 at 300 s.
With the uncertain parameters and the applied disturbances, the frequency response curves of all areas are presented in Fig. 8 . Compared with Fig. 7 , when disturbances occur, the frequency deviation has obviously increased due to parameter uncertainties. The sums of the absolute frequency deviation are also illustrated in Table VI . As observed from these results in Fig. 8(a) and (b), by the PSO-based control, the regulation time is too long with many high-frequency oscillations, which makes this control almost unavailable. In Fig. 7(a) and (b) , for the same disturbances for areas 1 and 2 without parameter uncertainties, the PSO-based control is feasible, and is even better than the SMC method. Therefore, it can be concluded that the PSO-based control is not adaptive for parameter uncertainties because the "optimal" parameters are selected based on nominal parameter values. The SMC method can fulfill the frequency regulation under disturbances and uncertainties, however, it brings larger overshoots. While the ADP-based control can still obtain satisfactory performance under disturbances and uncertainties. It means that it is adaptive via online learning to achieve smaller deviation, less oscillation, and faster convergence.
V. CONCLUSION
This paper presented a new adaptive LFC method for singlearea and multiarea power systems under load disturbances and parameter uncertainties. The parameter uncertainties were first modeled into the LFC system, and then an improved SMC method was developed. In terms of the proposed SMC design, the ADP-based control was further developed, while the PSObased control was involved as a compared method. Simulation studies were presented with the three control methods to demonstrate the better performance of the ADP supplementary control. For the future work, we will test the effectiveness of the proposed strategy for complex power system models including the output constraints of electrical components and high-penetration renewable energy sources.
